C arotenoids, H igher Plants, L ight-H arvesting P igm ent-P rotein C om plex, P h otoprotection, Purple B acteria B esides the light-harvesting and pro tectin g role, caro ten o id s are also instrum ental as struc tural com ponents for the assem bly o f light-harvesting com plexes in p urple b acteria and green plants, as well as for the form ation o f p h otosystem II com plex. C aro ten o id s stabilize those pigm ent-protein com plexes, b u t have no effect on purple bacteria and photosystem I of plants.
C arotenoids are a class of u n satu rated C40-hydrocarbons which are extensively distrib u ted in N ature. They give red and yellow color to fruits, flowers, birds etc., although they are p resen t in small am ounts. M ost of the carotenoids are lo cated in photosynthetic organism s (plants, algae and bacteria) w here they are usually m asked by different types of chlorophyll (Chi) . If the am ount of Chi is small, carotenoids determ in e th e color of som e algae.
M olecules of bacteriochlorophyll (B chl), Chi and carotenoids in vivo are b o und noncovalently to (apo)proteins form ing the pigm ent-protein com plexes which, according to th eir functions, are divided into the light-harvesting com plexes (L H C ) and the reaction cen ter (R C ). The L H C s-complexes absorb photons and transform th eir energy into the energy of electronic excitation of Bchl (C hi) which is tran sferred to the R C w here the prim ary charge separation occurs. C aro ten o id s do not participate in the photochem ical reactions but perform the p h otoprotective and light-harvesting functions.
The m ost im portant function of carotenoids is protection of Chls by quenching th eir trip let state via transform ation of energy into heat. T hat pre-R ep rin t requests to Dr. N. V. K arapetyan. Fax: 007(095)9542732. the form ation of the reaction centers of vents the production of singlet oxygen, which is form ed as a result of the interaction of Chi triplets with oxygen and causes the photooxidative d e struction of m em branes. The o ther function of ca ro tenoids is to absorb the light energy within the 4 8 0 -5 8 0 nm region, w here Chi and Bchl have low absorption, and to transfer this energy with dif ferent efficiencies (2 0 -1 0 0 % ) to Chi or Bchl. B oth functions of carotenoids have been described by S ieferm ann-H arm s (1985) and Cogdell and Frank (1987) . In this review evidence for the thirdstructural -function of carotenoids in the o rgan ization of photosynthetic m em branes is sum m a rized. T he idea of the structural role of carotenoids was at first proposed for bacterial light-harvesting com plexes. A considerable am ount of data has b een recently accum ulated which confirm the hy p othesis th a t carotenoids are necessary for the as sem bly and stabilization of certain pigm ent-pro tein com plexes of p hotobacteria and green plants.
Carotenoids in Bacteria and Plants: Biosynthesis and Composition
A s show n by Fig. 1 (A ) carotenoids in plants and bacteria are synthesized from two m olecules of geranylgeranyl diphosphate via hydrocarbon phytoene, this is followed by a series of d esatu ra tion reactions, then hydroxylation and O -m ethylation in purple bacteria or cycllization and intro-0939-5075/96/1100-0763 $ 06.00 © 1996 V erlag d er Z eitschrift für N aturforschung. All rights reserved. duction of oxygen in the case of plants (B ritton, 1991) . C arotenoids of purple b acteria are acyclic com pounds which usually have a longer chrom o phore as com pared with th at of carotenes or xanthophylls in plants. The biosynthesis of spirilloxanthin is realized eith er from lycopene via rhodopin and rhodovibrin, or from neurosp o ren e via spheroidene and hydroxyspheroidene. The carotenoid com position in the m em branes of purple bacteria varies w ithin a wide range depending on the grow th conditions, age of culture etc. (Schwerzm ann and B achofen, 1989) . C arotenoids from photosynthetic m em branes of plants are divided into oxygen-free carotenes (a-or ß-carotene) and xanthophylls containing one or several hydroxy or epoxy groups. The carotenoids usually found in the m em branes of plants are 2 5 -5 0 % of ß-carotene, 4 0 -5 7 % of lutein, 9 -2 0 % of violaxanthin and 5 -1 3 % of neoxanthin (L ichtenthaler, 1987) .
The m ain approach to understand the role of carotenoids in the photosynthetic m em branes is the com parison of the control and carotenoid-depleted m em branes. T here are several ways to re m ove carotenoids from the m em branes or com plexes: (i) photobleaching of carotenoids in purple bacteria u nder blue light; (ii) inhibition of the bio synthesis of carotenoids by herbicides or m utation; (iii) selective extraction of carotenoids from the m em branes. We will discuss these data separately for each type of pigm ent-protein com plexes of bacteria and green plants.
Light-Harvesting Complexes o f Purple Bacteria
The purp le b acteria contain two types of LHC: a core com plex LH1 (B880) which surrounds the R C -com plex, form ing the B880-RC assembly, and a p erip h eral a n ten n a com plex LH 2 (B 800-850) associated w ith the assem blies (Fig. 2, A) . Both LH C s sonsist of a -and ß-polypeptides (4 .5 -8 kD a) in the stoichiom etric ratio 1:1. R ecent analy sis of the L H C -com plexes crystals reveals 9 sub units (a/ß /B ch l2_4/C a r1_2) in the B 800-850 com plex and 16 subcom plexes (a/ß/B chl2/C ar) in the B880 com plex (M cD erm ott et al., 1995; K arrash et al., 1995) . B oth com plexes look as a ring with o u ter/in n er d iam eter 116/68 A for the LH1 of R. rubrum and 68/36 A for LH2 of Rps. acidophila. The Bchl dim er is located adjacent to the periplasmic side in LH1 and LH2, and the Bchl m onom ers (or w eakly interacting dim er) seem to be located n ear the cytoplasm ic surface in LH 2 ( Fig. 2, A ; Z u b er and B runisholz, 1991) .
The analysis of LH 2 crystal structure of Rps. acidophila has shown one carotenoid m olecule for each a /ß pair, i.e. 9 m olecules of carotenoids are p resent in the crystal to com pare with 14 m ole cules in the com plex in the solution (M cD erm ott et al., 1995) . Two different binding sites of caro t enoids are present in LH 2. The position of tightly bound carotenoid m olecules was established in the crystal of Rps. acidophila. They interact with sev eral hydrophobic residues of adjacent a-and ß-polypeptides and with dim eric and m onom eric Bchls. Since the helices of a-and ß-polypeptides interact via the pigm ent m olecules or buried w ater (M cD erm ott et al., 1995) , it becom es evident that carotenoids are the im p o rtan t elem ents for the sta bilization of the LH 2 structure. A sim ilar position of carotenoids was established for the LH1 too. O ne end of the caro ten o id is positioned very closely to the cytoplasm ic surface and on the average the pigm ent m olecules are o riented at about 45° to the m em brane plane (Picorel et al., 1988) . The dim eric organization of carotenoids in the B880 com plex was p ro p o sed (Z u rd o et a l, 1991). The binding sites of caro ten o id s in the L H C are not conservative since com plexes bind dif ferent carotenoids from p h y to en e to spirilloxanthin depending on grow th conditions (M oskalenko et a l, 1991 (C ogdell and Frank, 1987; M oskalenko et a l, 1991) which have the alltrans configuration ( Fig. 1, B; K oyam a, 1991) .
The first assum ption ab o u t the structural role of carotenoids in LH 2 of C. m inutissim un was based on photobleaching of pigm ents in the com plex u n d er illum ination by blue (caro ten o id region) and red light (Bchl region). The blue light effectively quenched the Bchl fluorescence, and the Bchl m olecules in the com plexes, especially in LH 2, w ere m ore efficently d estroyed as com pared with the effect of the red light (M oskalenko, 1974) . The photobleaching of Bchl m olecules u n d er blue light could not be explained by energy transfer from carotenoids as its efficiency was n ear 2 0 -3 0 % . The photooxidative d eg rad atio n of the c a ro t enoids und er blue light in the p resence of oxygen caused the d estruction of the com plexes.
The structural role of caro ten o id s was con firm ed by the com parison of the p ro p erties of control com plexes and those isolated from C. m inutissim um cells grow n with diphenylam ine (M oskalenko et a l, 1983; 1991) . D iphenylam ine blocks the phytoene d esatu rase and causes about 95% inhibition of caro ten o id biosynthesis. In the m em branes of diphenylam ine-grow n cells the p re cursors (phytoene and phytofluene, 46% ) and ca rotenoids (tetrah y d ro ly co p en e type, 33% ; neuro sporene type, 20% ) have been identified. B oth com plexes (LH1 and LH 2) w ere easily destroyed after treatm en t with 1% T riton X-100, while the control ones w ere stable during several days in the presence of the higher (up to 5% ) d etergent concentration. The com plexes resto red the struc tural stability only if the caro ten o id content increased by m ore than 10 % as com pared with the control.
The isolation of subcom plexes (a/ß/B chl2)2 from the control LH C was hindered by the presence of carotenoids and usually they dissociated into poly peptides and pigm ents under different treatm en ts bypassing the subcom plex stage. The problem was resolved for LH1 by selective extraction of c a ro t enoids from the dried m em branes with p etro l or benzene (they rem oved carotenoids only from the L H C and not from R C) followed by octyl-ß-Dglucopyranoside treatm en t of LH1 of nonsulfur and sulfur bacteria (M iller et a l, 1987; Fig. 2, A  and D -F ) . Thus, carotenoids prevent the dissoci ation of LH1 into the B820 subcom plexes b ut the B873-like structure may be easily reassociated w ithout them (Fig. 2, F and I) . The subcom plexes of Rubrivax gelantinosus and C. m inutissim um re associated into the B850-like com plexes w ithout carotenoids (Jirsakova and R eiss-H usson, 1994) . Recently, the requirem ent of the carotenoids, bound to the complex in its native state, was e sta b lished for the reconstitution of LH1 of Rv. gelatinosus (Fig. 2, F and I; M oskalenko et a l, 1995) .
The selective extraction of carotenoids does not lead to the isolation of the subcom plexes from LH2. It causes a partial loss (2 0 -4 0 % ) of c a ro t enoids from LH2 (C. m inutissim um ) and a com plete loss of carotenoids from LH2 (Rps. capsula tus). In the first case the com plex rem ained stable, in the second it dissociated into polypeptides and pigm ents during the isolation (Fig. 2, B and C; M oskalenko et al., 1995) . The structural role of ca rotenoids in LH2 of Rps. capsulatus was also co n cluded (Z u rd o et a l, 1993) . In contrast to LH 1, the LH2 assem bly in vivo depends on carotenoid availabiliy.
The carotenoidless m utants of purple bacteria have the intact RC and only one type of L H C with the absorption band centered at 8 5 0 -8 8 0 nm (Fig. 2, G ) . The surviving com plex is the B880 type or the B 800-850 type which lost the binding site of the m onom eric Bchl (800 nm ). The co m p en sa tory m utations are generally required for surviving of the LH C. The LH C of Rh. sphaeroides R26.1, in contrast to the wild-type strain, contains a single am ino acid exchange (Val24->Phe) or the N -term inal m ethionine is missing (Z u b er and Brunisholz. 1991). The conform ation of the N -term inal re gional of apoproteins is changed by a carotenoid in the LH1 of the wild straing of R. rubrum as com pared with that of the carotenoidless m utant G 9 (Brunisholz et al., 1986) . O nly the last one is know n as a m utant w ithout com pensatory m u t ations in th e N-region of a -o r ß-polypeptides. T herefore, its LH1 easily dissociates into the su b com plexes w ithout any prelim inary treatm en t (Fig. 2, F -H ) .
Thus, carotenoids keep u n d er control the N -term inal region in both bacterial LH C s and p artici pate in stabilization of a/ß-helices interaction, in particular in LH2. Their elim ination by the extrac tion of m utation causes eith er dissociation of LH2 into polypeptides and pigm ents or transform ation of its structure into the L H l-lik e com plex. This process does not influence significantly the o rg an ization of the LH1 com plex, but it a tte n u a te s the interaction betw een the subcom plexes, and LH1 easily dissociates into B820 subcom plexes. X anthophylls but not carotenes play th e struc tural role in the reassem bly of stable L H C in the chloroplast m em branes of higher plants (Plum ley and Schm idt, 1987) . In the course of reconstitution of LH C the apoproteins bind always the same am ount of Chi a, Chi b and carotenoids, in d e p e n dently of the am ount of th at pigm ents in the m e dium th at indicates the specific binding sites (H obe et al., 1994) . C arotenoids are necessary for the correct assembly and stabilization of LH C apoproteins in the thylakoid m em branes (D ahlin, 1988) . This idea was proved by a L H C m odel, p ro posed on the basis of electron crystallography (K ühlbrandt et al., 1994) . The carotenoids p resent in this com plex are in th e all-trans configuration. The polyene chains of both' luteins include a 50° angle with the m em brane norm al; the closest dis tance betw een them is nearly 11 A with the head groups of the carotenoids roughly equidistant from both m em brane surfaces. The lutein binding sites are located in the sym m etrical extension of helices A and B. The polypeptide environm ent of b o th carotenoids is highly hydrophobic. The lutein m olecules form an internal cross in the complex, stabilizing the conform ation of LH C polypeptides (Fig. 3, A ) . This arrangem ent of two carotenoid m olecules in the central part of L H C explains why they are essential for the reconstitution of the com plex.
Light-Harvesting Complexes o f Higher Plants

Reaction Centers o f Purple Bacteria
The isolated RC -com plex consists of three (H , M and L) subunits, four Bchl and two bacteriopheophytin m olecules, and one carotenoid m ole cule. The R C core is m ade up of the L and M subunits. E ach subunit has five m em brane span ning helices. Bchls, bacteriopheophytins and quinones form tw o structurally equivalent brances. O ne of them m ore closely associated with the L subunit in the active branch, the o ther with the M subunit in the nonactive branch (D eisenhofer and M ichel, 1989) . The organization of the R C pig m ents, including the carotenoids, was determ ined for Rps. viridis and Rh. sphaeroides. X-ray analysis of the crystals of RC-com plexes isolated from the species allow ed to determ ine the precise location o f carotenoids for the purple bacteria. RC of Rh. sphaeroides contains one m olecule of spheroidene in the d s-conform ation which locates in the n o n active branch of the R C betw een the B and C heli ces of the M subunit near to m onom eric Bchl (Y eates et al., 1988) . The latter lies betw een caro t enoid and the dim eric Bchl (prim ary electron donor).
In discrepancy with the bacterial LH C , the stru ctu re of the carotenoidless RC-com plex is not essentially changed therefore the RC-com plex is always p resent in that m utants. Indeed, the loss of carotenoids decreases the stability of the m utants, since the special pair donates excess energy only to m olecular oxygen. C arotenoids with the term i nal polar functional groups can be incorporated back into the carotenoidless RC with restoratin of th eir native characteristics and protective function (C ogdell and Frank, 1987) . The carotenoidless R C -com plex of Rh. sphaeroides R 26 binds pure spheroidene (n eith er ß-carotene, nor spirilloxanthin) in m olar ratio 1:1 with respect to P870 (Agalidis et al., 1980) . The carotenoid binding to RC m ost likely occurs at the sam e site as in th e wildtype RC, since speroidene displays light-induced absorbance changes. Thus, carotenoids are not essential com ponents for the structure of the bac terial RCs which can assem ble and exist w ithout this type of pigm ent.
Reaction Center Complex o f Photosystem II
The isolated RC-com plex of photosystem II (PS II) is com posed of D I and D2 proteins, the cytochrom e b559 (a-and ß-subunits) and 4.8 kD a protein (N anba and Satoh, 1987) . It is th e main p art of the PS II core com plex which also includes C hl-proteins CP47 and CP43 (Fig. 3, A; T h o rn b er et al., 1991) . D espite the close hom ology betw een L and M subunits of bacterial RC with the D I and D2 proteins of PS II RC, there are significant differences in their chrom ophore content. The RC-com plex of PS II consists of 5 -6 Chi m ole cules and 1 -2 ß-carotene(s) depending on the iso lation procedure . The ß-carotene m olecules have all-trans conform ation and closely interact with each o th er (N ew ell et al., 1991) . O n the basis of the different p h otooxidation rates of two ß-carotene m olecules it was concluded th at one m olecule was bound to the D I protein and the o th er to the D 2-protein (Telfer et a l, 1991) . O ne ß-carotene was rem oved w ithout a loss of Chi content and significant changes in p ro p e r ties of PS II R C-com plex. The rem aining ß-caro tene m olecule can be rem oved by intensive w ash ing of the PS II R C -com plex but only a very small am ount of PS II RC-com plex m aintained their structure (D e Las Rivas et al., 1993) .
It was established that barley seedlings grown with norflurazon, with the am ount of carotenoids not exceeding 3% , show no PS II activity (Ö quist et al., 1980; Lehoczki et al., 1982) . The native elec trophoresis of the com plexes from the tylakoids of the treated seelings has revealed that disappear ance of PS II activity is the result of the absence of PS II pigm ent-protein com plex (K arapetyan et al., 1991) . The seedlings grown with norflurazon un d er flash light contained no L H C and PS II core com plex (Fig. 3 . B and C), although they have the apoproteins and Chi a, and the bound Chi m ole cules appear located in photosystem I (PS I). C a rotenoids are necessary also for the form ation of prim ary thylakoids (Bolychevtseva et al., 1995) .
A n o th e r p ro o f of the structural role of caro t enoids during the biosynthesis of PS II-com plex was obtained with m utant cells of Scenedesm us obliquus (H um beck et al., 1989) . The dark-grow n cells contain only Chi a, precursors of carotenoids (lycopene, neurosporene, ^-carotene, ß-zeacaroten e ) and show only the PS I aktivity. The com plex o f PS II and the corresponding activity developed im m ediately upon the transfer of the culture to light and coincided with the form ation of ß-caroten e and lycopene. O th er xanthophylls w ere syn thesized only after a 30 min lag. Inhibition of the transform atio n of precursors into carotenoids by nicotine prevents the light-induced developm ent of the PS II activity and the PS II core com plex; it was suggested th at lutein is the necessary p re re q uisite for the assem bly of PS II com plex. These re sults prove th at carotenoids are essential com po n ents for the assem bly of active PS II units. The exact m ode of action of carotenoids in this process rem ains unknow n.
Photosystem I Complex (Chi «-P700 Protein)
A lthough the structure of the R C of cyanobacterial PS I-com plex, containing about 90 Chi a m olecules p er P700, was established using X-ray analysis (K rauss et al., 1993) , the exact location of ß-carotenes and the stoichiom etry of carotenoids and Chls in the PS I core com plex is not clear. The PS I particles from higher plants contain m ostly ß-carotene which show high optical activity th at reflects the high carotenoid ordering on the PS I com plex (Schafernicht and Junge, 1981) . C a ro t enoids in cyanobacterial PS I trim ers enriched with the long-w avelength Chls are higher o rien ted as com pared with PS I m onom ers (Shubin et al., 1993) . E xtraction of carotenoids from the PS I particle has no effect on the activity of P700 (Searle and Wessels, 1978) .
The thylakoids isolated from norflurazontre a te d barley seedlings have been enriched with the RC -com plex of PS I: Chl/P700 was 60 in tre a te d sam ples as com pared with 150 in the con trol at the sam e am ount of Chi a, and P700 re m ained active (Fig. 3, C) , i.e. the form ation of PS I does not require the carotenoids (L ehoczki et al., 1982; K arapetyan et al., 1992) . It was shown for the m utant of Scenedesm us obliquus, containing only c arotenoid precursors, th at the R C of PS I existed in the dark-grow n cells, and the assem bly of the core com plex of PS I and its function w ere inde p en d e n t from the presence of carotenoids (R öm er et al., 1990) . O n the o th er hand, it was suggested th at carotenoids in PS I com plex may play the strucutral role and they are necessary for binding the core com plex and the peripheral antenna. Probably, carotenoids m ay also stabilize the RCcom plex, since Chi m olecules in the absence of ca rotenoids are very sensitive to the effect of light o r detergents.
Concluding Remarks
The data discussed prove the structural role of carotenoids in photosynthesis. A s a structural com ponent for som e pigm ent-protein complexes, carotenoids are very im portant at start of the d e velopm ent of photosynthetic m em branes. C aro t enoids stabilize the structure of bacterial and plant LHCs, and serve as an im portant com ponent for the assem bly of the PS II core com ples and LCH from plants. H ow ever, they have no influence on the structure and assem bly of bacterial or PS I R C -com plex from plants. In future new and m ore d etailed rules will be established as to w hether ca rotenoids participate in the form ation of pigm entp ro tein com plexes in different types of photosyn thetic organism s and stabilize the structure of th a t complexes.
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